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We present calculations of coherent photoproduction of vector mesons (J/Ψ and Υ) with
leading-order parton distribution functions to check new kinds of corrections of the DGLAP
equations and nuclear modifications. The input gluon distribution of the proton is the
dynamical parton model from the DGLAP equations with GLR-MQ-ZRS (Gribov-Levin-
Ryskin, Mueller-Qiu, Zhu-Ruan-Shen) modifications. From comparison between several
other gluon distribution models, we find that the dynamical gluon distribution fits with the
results of meson photoproduction experiments in the high energy region. The calculation
of the differential cross sections using dynamical and other gluon distributions is compared
with the experimental data from the HERA, ZEUS and LHCb Collaborations. Although
there is little data for the rapidity distribution of vector meson photoproduction near zero
rapidity, the dynamical gluon distribution works well with the data in the large rapidity
region.
PACS numbers: 13.60.Le, 14.40.Lb, 14.40.Nd
2I. INTRODUCTION
Measurements of vector meson photoproduction in coherent pp or nuclear collisions have been
used as a way of determining the gluon densities in protons and nuclei. The correlation between
the vector meson photoproduction cross sections and the gluon densities in the leading-order ap-
proximation also gives us a unique opportunity to test the gluon distribution function over a large
range of Bjorken-x, especially the pp collisions at
√
sNN = 7 TeV from the LHCb Collabo-
ration [1, 2]. For a long time, PDF set analyses have achieved αs next-leading-order and even
next-to-next-leading-order results. Besides higher order corrections of the DGLAP equations,
we can also consider higher twists of the partons’ evolution. Below, we calculate the diffractive
exclusive photoproduction of vector mesons by a dynamical gluon distribution from GLR-MQ-
ZRS (Gribov-Levin-Ryskin, Mueller-Qiu, Zhu-Ruan-Shen) corrections to the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equations [3]. These corrections involve higher twist Feynman
diagrams describing gluon recombination effects. The method of investigating gluon density by
vector meson photoproduction was proposed in Ref. [4]. This method can be used to check the
rationality of a gluon distribution function from experimental data on production of vector mesons.
By using our new gluon distribution to reproduce some special experimental data, we hope to test
the corrections to the DGLAP equations with ultraperipheral meson photoproduction.
For ultraperipheral collisions, the photon flux model given by theWeizsacker-Williamsmethod [5]
with impact parameter larger than 2R is essential for calculating vector meson photoproduction.
The virtual photon flux at a distance r away from a charge Z nucleus is
d3Nγ
dkd2r
=
Z2αemξ
2
pi2kr2
[
K21 (ξ) +
1
γ2
L
K20 (ξ)
]
(1)
where ξ = kr/γL, K0(ξ) and k1(ξ) are modified Bessel functions, which give reasonable truncation
of the photon energy due to the radius of the nucleus. At the Large Hadron Collider (LHC), the
Lorentz term γL =
√
sNN/2m for
√
sNN = 2.76 TeV PbPb collisions is 1470, or 7455 for
pp collisions. The total photon flux hitting the target nucleus is the integral of Eq. (1) over the
transverse distance of the impact parameter when the two nuclei do not overlap. A reasonable
analytic approximation [6] for nucleus AA collisions is given by the photon flux integrated over
the distance r larger than 2RA [6–8].
dNγ
dk
=
2Z2αem
pik
×
[
ξAAR K0(ξ
AA
R )K1(ξ
AA
R ) −
(ξAA
R
)2
2
(
K21 (ξ
AA
R ) − K20 (ξAAR )
)]
(2)
where ξAA
R
= 2kRA/γL, RA = 1.2A
1/3[fm]. The elastic photon differential flux with photon energy
is [9]
dNγ/p
dk
=
αem
2pik
1 +
(
1 − 2k√
sNN
)2 ×
(
ln Ω − 11
6
+
3
Ω
− 3
2Ω2
+
1
3Ω3
)
(3)
with Ω = 1 + [(0.71 GeV2)/Q2
min
] and Q2
min
= k2/[γ2
L
(1 − 2k/√sNN)]. After determining the total
flux of photons, in principle, we can easily calculate any photoproduction’s total cross section by
just factorizing these processes into the photonucleus and the photon emission flux. Thus we can
3get the cross section of coherent vector meson photoproduction. The photonuclear-induced vector
meson photoproduction described in this work depends on the gluon distribution functions in the
nucleon or nucleus. Usually, a gluon PDF at certain Q2 is achieved by evolving the parameterized
PDFs using the DGLAP equations at an initial Q2
0
, at which Q2
0
the initial distributions of gluon and
sea quarks are not assumed to be zero. In contrast to mainstream gluon PDFs [10? –12] used in
the calculation of vector meson photoproduction, we use a gluon distribution function of dynamic
evolution with non-linear corrections including gluon-gluon recombination and gluon absorption
by quarks [14–16]. Furthermore, we assume zero gluon and sea quark distributions at a very low
initial Q20 = 0.064 GeV
2 and all the gluons and sea quarks generated by quark or gluon radiation.
In other words, this new PDF set [3] considers not only gluon generation from quark and gluon
radiation but also some mechanisms for limiting the unrestrained increasing of gluons.
II. DYNAMICAL PARTON DISTRIBUTIONS
The parton distributions of nucleons reveal the inner structure of the nucleons and information
about their QCD evolution. In high energy photon scattering, the gluon density dominates the
partons’ evolution in the nucleon, which is critical in understanding the appearance of nonlinear
behavior [17]. Currently, most of the available parameterizations of parton distributions were
achieved by global analysis of the experimental data with the linear QCD evolution equations: the
DGLAP equations. The solutions of the DGLAP equations depend on the initial parameterized
distributions at the low starting scale Q2
0
∼ 1 GeV2, commonly called the non-perturbative input,
which uses complicated functions with many free parameters. The current methods of determining
the PDFs take a starting point fixed at an arbitrary Q2
0
∼ 1 GeV2 and the input parton distributions
are parameterized by comparing the evolved initial PDFs with experimental data at the same Q2s.
These input distributions are irrelevant to any physical models with reasonable assumptions. Some
models even input negative gluon distributions at Q20. Although a lot of progress has been made,
the gluon distribution at small x still has quite large uncertainties [12? ].
Although the constituents of a hadron are complex, at very high energies the photohadron scat-
tering processes are dominated by gluon densities. Thus, the determination of gluon distribution in
the proton can be improved by the many available experimental data from ep collisions. However,
the behavior of the gluon distribution in the small x region still has a large uncertainty, as seen
in Fig 1. In this paper, we tried the dynamical parton evolution approach [3, 18], in which the
initial parton distributions are inspired by the simple quark model. The initial parton distributions
consist only of three valence quarks at initial Q2
0
. There is zero gluon density at the input scale.
All sea quarks and gluons in the small x region are purely dynamically generated by radiation in
the DGLAP equations with nonlinear corrections (gluon-gluon or gluon-quark recombinations).
The dynamical parton model is developed and extended to a very low scale Q20 = 0.064 GeV
2 in
Ref. [3].
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FIG. 1. (color online). Gluon distributions from different groups [18–21] with leading-order approximation:
(a) at Q = MJ/Ψ/2, corresponding to J/Ψ photoproduction and (b) at Q = MΥ/2, corresponding to Υ
photoproduction.
III. ELASTIC PHOTOPRODUCTIONOF VECTORMESONS
A. γp → V p process
In this paper, we associate the gluon distribution function with the vector meson photoproduc-
tion amplitude using a two-gluon exchange model in pertubative QCD [22]. It is obvious that
higher-order corrections of the gluon density are important. However, full inclusion of higher-
order effects still remains a great challenge. We assume that the corrections of higher-order effects
is a normalization of the value of the γp → V p cross section, i.e. the behavior of the cross section
remains the same, except for the scale of its value. Thus we use a phenomenological multiplica-
5tive correction parameter ξV to include other effects such as next-to-leading-order effects [23]. For
forward-scattering (near t = 0) of elastic photoproduction on a proton, the corrected leading-order
amplitude is expressed as
dσγp→V p
dt
|t=0 = ξV
(
16pi3αs
2Γee
3αemMv
5
) [
xgp(x,Q
2)
]2
, (4)
where MV stands for the mass of the generated vector meson, x = M
2
v/W
2
γp is the Bjorken-x
that represents the fraction of the proton momentum carried by the parton, and gp(x,Q
2) is the
gluon distribution function, which is evaluated at the momentum transfer squared Q2 = (Mv/2)
2.
Equation (4) can easily be extended to the nuclear target:
dσγA→VA
dt
|t=0 = ξV
(
16pi3αs
2Γee
3αemMv
5
) [
xGA(x,Q
2)
]2
(5)
where GA(x,Q
2) = gp(x,Q
2)×RAg (x,Q2) is the nuclear gluon distribution function and RAg (x,Q2) is
the nuclear modification of gluon distribution. In this work, we use the EPS09 [24] nPDF nuclear
modification for the PDFs by linear DGLAP. For our IMParton, we exploit the nIMParton [25]
which is compatible with the IMParton PDFs by DGLAP equations with nonlinear corrections.
The correction factor ξV is approached by fitting the calculated cross sections of the elastic pho-
toproduction of vector mesons on protons, σγp→V p(Wγp), to reproduce the experimental data from
ZEUS and HERA from Ref. [19, 26–28] and LHCb from Ref. [1]. Considering the t dependence
of dσγp→J/Ψp/dt, we note that its pt dependence can be parameterized in the exponential form
of exp[−b(Wγp)p2t ], in which the slope parameter bJ/Ψ weakly depends on the γp center-of-mass
energy according to the Regge-motivated parameterization. We take a slope parameter
b = 4.5 + ln(
Wγp
90 [GeV]
) (6)
as the transverse size of the charge radius of a proton to obtain the total cross section σγp→V p =
1/b dσγp→V p |t=0. We use this parameter to express the exponential decrease of the differential
cross sections with four momentum transfer t. We get ξV results, see Table I, by fitting the elastic
photoproduction of HERA data from newer analyses, ZEUS and LHCb [1, 19, 27–31], and the
results are presented in Fig. 2 together with predictions.
The photoproduction cross section is obtained from Eq. 4 assuming Q = Mv/2. We can see that
not all the different models for the gluon distributions describe the experimental data similarly.
CT10 decreases in the range of 10−4 < xB < 10−2, which lead to anomalous behavior in σγp→J/Ψp
in Fig. 2(a). MMHT14 matches well at lower energy, while it increases a little bit fast at higher
energy. GJR08 is compatible in the range of 100 GeV to 300 GeV of γp center - of - mass
energies. IMParton’s gluon distribution is generated from pure dynamical gluons and this model
considers gluon recombinations, which give a depression of gluon density at small x and leads to
a reasonable result at higher energy range. However, the fewer parameters of the IMParton PDF
set makes it hard to describe lower energies very well. Cross sections from LO MMHT14 and
GJR08 reproduce the low energy range very well since their evolution starting points are close to
the lower limits of the experiments’ Q2. Our IMParton PDF starts at very low Q2 = 0.064 GeV2.
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FIG. 2. (color online). Meson photoproduction cross sections for different gluon distribution models:
γp center-of-mass energy dependence of the diffractive (a) J/Ψ and (b) Υ photoproduction cross sections
reproduced with the LO gluon distribution functions with one free parameter. The solid black curve is the
corrected LO IMParton result fitted with data from [1, 26–28] ([2, 30, 32, 33]). The other curves are cross
sections from different LO gluon distributions, namely MMHT14, GJR08 and CT10.
Moreover, as the difference between the CT10 distribution and other models increases at low
energy, the prediction for the rapidity distributions does not conform to the LHCb data.
In Table I we list the fitted parameters for different gluon distribution models and compare
the predictions. The data from HERA, ZEUS and LHCb are also shown in Fig. 2. The results
give reasonable values of χ2/nd f for the IMParton parameterization for J/Ψ production, which
describes the data well in the high energy region. As can be seen from Fig. 2, the predictions
of different parameterizations diverge in the region of higher than HERA data. What should be
emphasized is the fitting result for ξ obtained by using the IMParton parameterization. It indicates
7that in J/Ψ photoproduction calculations with LO two-gluon exchange, a gluon recombination
effect in the small x region is necessary.
TABLE I. Values of the free parameters ξJ/Ψ(Υ(1s)) for different gluon parameterizations obtained by the
minimization of χ2/nd f . The χ2/nd f values are shown for comparison.
Models ξJ/Ψ χ
2(J/Ψ) ξΥ(1s) χ
2(Υ(1s))
IMParton 1/15.2 1.38 1/16.2 1.51
MMHT14 1/2.6 3.04 1/9.3 1.67
GJR08 1/10.9 5.74 1/17.1 2.04
CT10 1/1.1 24.74 1/2.4 0.40
B. Nuclear modification of elastic photoproduction of vector mesons
The differential cross section of coherent vector meson photoproduction on a nucleus can
be factorized into the forward limited amplitude dσγA→VA/dt |t=0 (see Eq. 5) and the form fac-
tor squared, |F(t)|2, of the nucleus. The former term encodes the dynamical information of the
photo-nucleus interaction while the latter determines the momentum transfer during diffractive
scattering. The nuclear form factor can be treated as the momentum space analog of the nuclear
density distribution, which derived from the Fourier transform of the spatial density distribution,∫
d3rρ(r)eiqr, where q is the four-momentum transfer squared of the nuclei. It is customary to use
the Woods-Saxon distribution, ρ(r) =
ρ0
1+Exp[(r−RA)/d] , for a spherically symmetric heavy nuclei with
central density ρ0, radius RA and nuclear neutron skin thickness d. For the
208Pb nuclei used by the
LHCb experiment, ρ0 = 0.16/fm
3, RA = 1.2A
1/3 fm and d = 0.549 fm [34]. However, it is hard
to get the analytic form of the Fourier transform of the Woods-Saxon distribution, so we turn to
using an approximation of ρ(r) to calculate F(t) with the form of convolution of a well-distributed
function with a Yukawa distribution [4, 35, 36]. Thus we have the approximate form factor
F(q =
√
|t|) = 4piρ0
Aq3
[
sin(qRA) − qRAcos(qRA)
] [ 1
1 + a2q2
]
, (7)
where a = 0.7 fm is the upper limit of the Yukawa potential radius, while the form factor is just
the convolution of the Fourier transform of an even density sphere and Yukawa distribution. The
cross section of photoproduction of vector mesons on nuclei is then written as
σγA→VA(k) =
dσγA→VA
dt
|t=0 =
∫ ∞
tmin(k)
dt|F(t)|2, (8)
where tmin(k) = (M
2
V/4kγL)
2 is a proper cut on momentum transfer for a narrow resonance [11].
Hence the differential cross section of coherent vector meson production is a product of the nucleus
photoproduction cross section with the photon flux
σA[γ]A→AAV(k) = k
dNγ(k)
dk
×
∫ ∞
tmin(k)
dt
dσγA → VA
dt
|t=0 |F(t)|2 (9)
8Practically, we usually represent the cross section of heavy ion collisions by the rapidity of the
produced particles. The photon energies in the laboratory frame k are related to the rapidity y
in the form of k = (MV/2)exp(y). Under this substitution, the differential cross section with the
rapidity is thus written as
dσAA→AAV
dy
=
[
k
dNγ(k)
dk
σγA→VA(k)
]
k=kl
+
[
k
dNγ(k)
dk
σγA→VA(k)
]
k=kr
(10)
The rapidity distribution is obviously symmetric with zero rapidity, since the symmetric collision
energies and same nuclei for both projectile and target make the left and right photon flux identical
in both directions [37].
IV. J/Ψ AND Υ PRODUCTION IN PP (PBPB) COLLISION AT
√
sNN = 7 (2.76) TeV
Different from free nucleons, the PDFs of a nucleus are influenced by nuclear medium ef-
fects. The study of quarks and gluon distributions in a variety of nuclei has been a hot issue
since the discovery of the EMC effect in the 1980s [38]. It is also one of the physics goals of
the LHC, whose four major experiments are able to detect coherent photoproduction of vector
mesons in ultraperipheral PbPb collisions. In particular, the results of J/Ψ photoproduction at√
sNN = 2.76 TeV PbPb collision have been released by the ALICE Collaboration [39, 40]. Not
long afterwards, the LHCb Collaboration measured J/Ψ and Υ(1s) photoproduction in pp colli-
sions at
√
sNN = 7 TeV [1, 31].
Previous experimental data from HERA and LHCb cover the γp center-of-mass energies from
tens of GeV to nearly a thousand GeV, which means a large range of rapidity distribution of
the generated mesons. We therefore present our predictions on J/Ψ production from pp coherent
scattering at the energy of
√
sNN = 7 TeV using the LO two-gluon exchange model in perturbative
QCD.We also present the LHCb data [1, 31] together with the predictions from gluon distributions,
as seen in Fig. 3(a). Similarly, we give the corresponding Υ(1s) rapidity distribution predictions
along with the LHCb data [2] in Fig. 3(b).
In Fig. 3, we show the corresponding predictions for the rapidity distributions of cross section
for J/Ψ and Υ(1s) photoproduction in exclusive pp collisions at
√
sNN = 7 TeV. We compare
our prediction using IMParton with other gluon distributions and recent experimental data from
the LHCb Collaboration [1, 31]. The MMHT14, GJR08 and CT10 models show a strong increase
in the small x region, with double peaks in the rapidity distributions. The IMParton parameteri-
zation, on the other hand, predicts a plateau in the rapidity distribution at medium rapidity. This
parameterization reproduces the LHCb data of the J/Ψ production well. We should emphasize
that some y distribution experimental data were extracted by the model proposed in Ref. [42]. We
find that different gluon distributions do not all reproduce LHCb data in the same way, especially
at medium rapidity. The future CMS experiment for central rapidity will probably give us more
information.
Since our IMParton PDFs involve nonlinear corrections, the nuclear modification called nIM-
Parton16 [25] is employed in the PbPb collisions. These nuclear medium modifications of parton
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FIG. 3. (color online). Comparison of the rapidity distributions of the (a) JΨ and (b) Υ(1s) photoproduction
cross sections in pp collisions at
√
sNN = 7 TeV predicted by different proton gluon distribution models.
The data from Refs. [1, 26, 27, 30–32, 41] and Ref. [2], respectively, are also presented.
distributions are from the global analysis of deeply inelastic scattering data of various nuclear tar-
gets. The nuclear dependence of nuclear modification is studied with only two free parameters.
The comparison of nIMParton16 and EPS09 is shown in Fig. 4. From this figure, we find that our
nIMParton16 is quite similar to EPS09 in the range of 10−4 < xB < 10−2, which happens to cover
the range of the experimental data. The structures of rapidity distributions are similar, except for
the CT10 model prediction. Owing to the considerable nuclei medium effects in Pb, the predic-
tions of meson rapidity distributions by different models are suppressed a lot due to the nucleus
shadowing effect of gluon distributions. In Fig. 5, we show the corresponding predictions for the
rapidity distributions of J/Ψ photoproduction cross section in pp collisions at
√
s = 7 TeV. We
present the predictions of different PDFs with the experimental data from the ALICE Collabora-
10
tion [39, 40]. Since the rapidity interval corresponds to a wide range of Wγp, the differences which
appear in the predictions are amplified in the cross section rapidity distributions. We find that our
nIMParton16 modifications for 208Pb reproduce the PbPb UPCs reasonably like the EPS09 modi-
fications. The nIMParton16 model is based on a combination of models proposed by the author in
Ref. [25]. Based on the dynamical PDFs model and the model of nuclear medium effects, the nu-
clear modifications predict the nuclear correction of the deuteron, consistent with the measurement
at JLab [43].
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FIG. 4. (Color online) Nuclear medium modification, RPbg (x,Q
2 = M2
J/Ψ
)
, for gluon distribution in 208Pb. The modification’s Q2 scale is at M2
J/Ψ
(for the J/Ψ photoproduction
calculation). The red dashed curve stands for the EPS09 model, and the solid black curve represents the
nIMParton16 model.
V. CONCLUSION
We conclude that diffractive J/Ψ and Υ photoproductions at HERA, LHCb and ALICE offer us
a unique opportunity to distinguish between the various gluon distributions in the kinematic region
(Q ∼ MJ/Ψ(Υ)/2 and x = M2J/Ψ(Υ)/W2γp) where they are obviously distinct. The model of calculating
the cross section of γp → pV works well. The formulas are simply related to gluon distribution,
which is a good approximation for testing gluon distributionmodels. Dynamical gluon distribution
from IMParton at small x is in agreement with exclusive J/Ψ photoproduction in the LO approach,
which means that the dynamical gluon distribution from nonlinear corrected DGLAP equations is
reasonable in the small x region. Nuclear modifications of gluon distributions from nIMParton16
behave similarly to the EPS09 model in the small x region and it works well with large rapidity data
for PbPb collisions data. The nIMParton16 is model-dependent and has only two free parameters.
We hope more nuclear data at small x will improve the precision of nuclear medium corrections.
In the future, there will be more experiments for exclusive meson production that covers smaller
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FIG. 5. (Color online) The rapidity distribution of the J/Ψ photoproduction cross sections in PbPb ultrape-
ripheral collisions at
√
sNN = 2.76 TeV. The data from Ref. [39, 40] are also presented.
Bjorken-x. We look forward to more experiments on gluon detection in protons and nuclei in order
to reveal more evidence of the gluon recombination effect.
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